. Although polarization and during tumor development. This information should proapoptosis both appear to play important roles in creating vide biological insight into carcinoma progression and a lumen, the temporal coordination and relative imporhelp create a mechanistic framework in the search for tance of these processes remains uncertain in mammary acinar morphogenesis. Furthermore, how cancer genes modulate these processes within three-dimensional
ment of apoptosis in the formation and maintenance of that specifically recognized the human isoforms of laminin V (left column) and collagen IV (data not shown). luminal space during the in vitro morphogenesis of both
In addition, these cell clusters displayed the cell-cell normal and oncogene-expressing mammary epithelial junction localization of E-cadherin and ␤-catenin (data acini. We have found that cells in direct contact with not shown). Thus, apicobasal polarity is established very basement membrane become polarized prior to bona early in the morphogenetic process, prior to the formafide lumen formation. After this apicobasal polarity is tion of a bona fide lumen. Notably, at days 5 through 8 established and prior to growth arrest, the centrally loin culture, we were able to discern two populations of cated nonpolarized cells are cleared by apoptosis to cells within each acinus, a well-polarized outer layer of form a hollow lumen. Overexpressing Bcl-2 or Bcl-X L in cells that was in direct contact with matrix and an inner acini inhibits luminal apoptosis and delays clearance of subset of cells that was poorly polarized and lacking cells from the developing luminal space. However, these contact with the matrix. At later time points, this inner structures eventually do form a hollow lumen, indicating population of cells was absent, and each acinar structhat other processes contribute to lumen formation. ture exhibited a hollow lumen surrounded by a wellAlthough apoptosis is not a requisite in creating lumipolarized layer of cells. nal space, it is necessary to maintain a hollow lumen Two lines of evidence corroborated the presence of when enhanced oncogenic proliferation occurs within cell death in mammary epithelial acini (Figure 2 ). First, an acinus. Acini expressing proliferative oncoproteins acini were treated in situ with ethidium bromide (a DNA such as cyclin D1 and human papilloma virus (HPV) 16 intercalating dye that cannot enter living cells with intact E7 escape proliferative suppression but have hollow plasma membranes but can readily label dying cells lumen because excess cells die in the luminal space. In whose membrane integrity has been compromised) and contrast, mammary structures with activated ErbB2 are calcein AM (a fluorescent compound that is only metabfilled and display reduced levels of luminal apoptosis.
olized by live cells). In mammary acini, dying ethidium Overall, these results illustrate that tumor cells must bromide-positive cells were found only in the interior of overcome apoptosis in order to populate the lumen of the developing structures, whereas cells in direct conin vitro mammary epithelial structures and point to the tact with matrix were alive and stained positively for utility of this three-dimensional culture system in elucicalcein AM (Figure 2A ). Second, we established that dating the requirements for architectural disruption durthe death occurring within an acinus involved type I ing early carcinoma formation. apoptotic processes by immunostaining for an antibody directed against the cleaved, activated form of caspase- Figure 2D ). MCF-10A cells require several media comsurrounding a hollow lumen; this lumen becomes eviponents for proliferation and survival in both monolayer dent after 10 to 12 days in three-dimensional (3D) culture and three-dimensional culture, including epidermal and remains hollow thereafter (Muthuswamy et al., growth factor (EGF), insulin, and hydrocortisone (Soule 2001). As discussed above, both apoptosis and apicoet al., 1990). In our standard assays, cultures were refed basal polarization have been implicated in the formation at 4 day intervals. In order to determine whether nutrient of a hollow lumen in epithelial structures. In order to or growth factor deprivation secondary to our regular better understand how normal MCF-10A acinar struccell culture conditions contributed to apoptosis, we retures are formed and establish a time course of key fed the cultures with fresh complete media on a daily morphogenetic events that could be subject to dysregubasis. This increased frequency of feeding did not alter lation by cancer genes, we examined the contributions the temporal pattern of cell death (data not shown). of polarization and apoptosis to acinar morphogenesis.
Furthermore, upon treating acini with flouresceinApicobasal polarization was monitored during morlabeled dextrans of various sizes, we observed that cells phogenesis by immunostaining for the ␣6 integrin subin the luminal space had access to molecules as large unit and the cis-Golgi protein GM130. In polarized epias 40 kDa (data not shown). Altogether, these results thelia, ␣6 integrin is located on the basal surface, suggest that luminal apoptosis is not secondary to cell whereas GM130 assumes an apical location. By days 3 culture conditions or deficient access to growth and and 4 in 3D culture, we observed the polarized location survival factors; rather, it is part of an established morof both ␣6 integrin and GM130 (Figure 1 , right and center phogenetic program during acinar development. columns). These cell clusters also basally secreted a
The selective apoptosis of centrally located cells basement membrane during early time points, which we prompted us to explore the signals that might contribute to the survival of cells occupying the periphery of these were able to detect by immunostaining with antibodies day 6, suggesting that the acini had reached a "growtharrested" state (Muthuswamy et al., 2001) . We also These studies indicated that both phospho-Akt and its phosphorylated substrates were present in a stochastic found that acinar size reached a plateau; the mean diameter Ϯ standard deviation of a structure after day 8 pattern confined to the peripheral matrix-attached cells Based on these results, we speculated that apoptotic clearance contributes to two aspects of acinar morphocontrast, from day 15 onward, less than 20% of acini in cate that lumen formation may involve alternative death were largely hollow, similar to that of controls ( Figure  5D ). This clearing occurred despite the fact that Bcl-2-processes, such as autophagy. 
Mammary Acini Expressing Cyclin D1 or HPV 16
Since activated ErbB2 structures exhibited such high levels of proliferation, we considered the possibility that E7 Lose Proliferative Suppression but Retain Hollow Lumen increased proliferation was sufficient to produce excess cells within a structure and fill the luminal space. Cyclin We also investigated the factors that contribute to luminal filling during the morphogenesis of oncogene-D1 is a component of the core cell cycle machinery that facilitates progression through G1 phase of the cell expressing mammary structures. As discussed previously, activation of ErbB2 in intact preformed acini cycle. The cyclin D1 gene is amplified in approximately 15% of human breast cancers and the protein is overexusing a controlled dimerization strategy resulted in the formation of large multiacinar structures with filled lupressed in over 50% of mammary carcinomas; overexpression of cyclin D1 in mammary epithelium results in men ( activated ErbB2; these structures, which exhibited a high degree of luminal filling, had low levels of luminal apoptosis ( Figure 6C ). Hence, with regard to filling of the this hollow polarized architecture persisted despite the luminal space, the phenotypic heterogeneity observed fact that cells within cyclin D1 acini continued to proliferbetween ErbB2 and the proliferative oncogenes cyclin ate, escaping the normal suppression of cell division D1 and HPV 16 E7 is at least partially related to the ( Figure 6A) ; quantification of proliferating acini in lateability of ErbB2 to provide some protection from luminal stage cultures revealed that 50% of the structures conapoptosis; cyclin D1 and HPV 16 E7 are unable to protained Ki-67-positive cells, whereas only 10% of convide that protection. trols had evidence of Ki-67 activity ( Figure 6B) .
The E7 oncoprotein from human papilloma virus 16 (HPV 16 E7) inactivates several key cell cycle regulators, Apoptotic Clearance Is Necessary to Maintain Luminal Space upon Uncontrolled Proliferation including Rb family proteins and p21, which allows cells to progress through the cell cycle (Munger et al., 2001).
within an Acinar Structure Upon quantifying the percent of acini in a culture exhibPrevious work indicates that primary mammary epithelial cells expressing HPV 16 E7 also give rise to struciting ethidum bromide-positive cells in the lumen, we ing either cyclin D1 with Bcl-X L or HPV 16 E7 with Bcl-2 were cultured on basement membrane. These structures exhibited significantly lower levels of cell death during morphogenesis, similar to acini expressing antiapoptotic Bcl family proteins alone ( Figures 7A and 7B) . But, in contrast to acini that express either a proliferative oncoprotein or antiapoptotic protein in isolation, acini expressing both types of proteins exhibited filling of the luminal space, even during the later time points in morphogenesis ( Figure 7C ). Thus, apoptosis becomes critical in maintaining luminal space when a proliferative stress is imposed by an oncogene like cyclin D1 or HPV 16 E7; luminal filling can only occur when an antiapoptotic or prosurvival signal is combined with a proliferative signal.
Discussion
We have delineated the temporal progression of the biological events that contribute to the morphogenesis of a hollow glandular structure in vitro and have demonstrated that luminal apoptosis is involved in clearance of cells during lumen formation. Surprisingly, blocking apoptosis during acinar morphogenesis by overexpressing antiapoptotic Bcl family proteins can only delay the clearance of cells in the developing lumen; the resulting structures eventually exhibit a hollow architecture. A hollow lumen is also retained when proliferation is enhanced within an acinus due to oncogenes like cyclin D1 or HPV 16 E7; in these structures, increased unresolved. Transgenic overexpression of Bcl-2 in the mammary gland results in decreased apoptosis in the terminal endbud and disrupts the organization of endfound that acini expressing either cyclin D1 or HPV 16 E7 showed higher levels of luminal apoptosis compared bud structures during ductal elongation, yet is not sufficient to completely eliminate lumen formation (Humto vector-infected controls; this increased death was evident throughout the morphogenetic process (Figures  phreys et al., 1996 ). Our findings with MCF-10A mammary acini, which demonstrate that inhibiting apoptosis de-7A and 7B). Remarkably, HPV 16 E7-expressing acini, which demonstrated higher levels of Ki-67 positivity than lays but does not eliminate lumen formation, are in accordance with these in vivo studies of ductal morphocyclin D1-expressing structures, also exhibited higher levels of luminal apoptosis, further suggesting that the genesis. Several factors may contribute to the ability of Bcl-2-rate of proliferation within an acinar structure correlated with the rate of luminal apoptosis ( Figures 6B, 7A, and and Bcl-X L -expressing structures to form a lumen in the absence of apoptosis. As indicated earlier, antiapoptotic 7B). Overall, these results indicated that increased apoptosis can counterbalance increased proliferation within Bcl family members are known to have antiproliferative effects in mammary cells; however, we did not observe an acinus, resulting in the maintenance of a hollow glandular architecture during morphogenesis. ). Indirect immunofluorescence was performed on a Nikon TE300 microscope Materials equipped with a mercury lamp and CCD camera; images were ac-MCF-10A cells were obtained from ATCC (Manassas, Virginia) and quired using IP Lab Spectrum (version 3.1). Confocal analyses were cultured in DMEM/F12 (Invitrogen) supplemented with 5% donor performed using the Zeiss LSM410 confocal microscopy system horse serum, 20 ng/ml epidermal growth factor (EGF), 10 g/ml equipped with krypton-argon (488 and 568 lines) and ultraviolet (365 insulin, 100 g/ml hydrocortisone, 1 ng/ml cholera toxin, 50 U/ml line) lasers; images were acquired using LSM version 3.99. For each penicillin, and 50 mg/ml streptomycin. Growth factor-reduced Matritime point, the images presented are representative of four or more gelீ (BD Biosciences) lots with protein concentrations between 9 independent experiments. All images were converted to TIFF format and 11 mg/ml were used. Anti-␣ 6 integrin and human-specific antiand arranged using Determination of Acinar Permeability to High-Molecular-Weight Dextrans High-molecular-weight dextrans (3,000, 10,000, or 40,000 MW) conGeneration of MCF-10A Cell Lines jugated to fluorescein (Molecular Probes) were added to cultures MCF-10A cells were plated at 4 ϫ 10 5 cells per 10 cm dish and at 5 g/ml in assay media. Acini were treated for 37ЊC for 30 min, infected with the retroviruses above, and stable populations were washed briefly with PBS, mounted with 1:1 PBS:glycerol, and immeobtained by selection with 2 g/ml puromycin (Sigma), 200 g/ml diately analyzed by confocal microscopy to determine extent of hygromycin (Calbiochem), or 200 g/ml active G418 (Sigma). Stable dextran entry into the luminal spaces. pools of MCF-10A cells that coexpressed HPV16 E7 and Bcl-2 were generated by serially infecting with HPV16 E7 retrovirus, followed by pBABEpuro Bcl-2; stable pools coexpressing cyclin D1 with Bcl
